Abstract: We demonstrate a novel method for obtaining high spatial resolution optical frequency domain reflectometry (OFDR) utilizing recirculating frequency shifter for broadening the optical frequency sweeping. Twelve times broadened optical frequency sweeping is achieved. We obtain 0.97 cm spatial resolution over 710-m measurement range with modulation frequency sweeping span of 882 MHz. Such a spatial resolution corresponds to a frequency sweeping span of 10.31 GHz. The experimental results indicate that the measurement range can be extended to 10 km, based on the proposed method.
Introduction
Optical reflectometry is an important diagnostic tool for optical communication networks. In particular, optical time domain reflectometry (OTDR) [1] , [2] , which typically has a spatial resolution of a few meters, is widely used due to its long measurement distance. In recent years, the optical transport network and the access network have become more and more complex. To identify a fault or a component in the link with high accuracy is of great importance for the maintenance of the complex and full-time running optical network. Therefore, the limited spatial resolution of OTDR cannot fulfill all the requirements. On the other hand, optical frequency domain reflectometry (OFDR) [3] - [5] have attracted considerable attention since it provides a comparably narrow spatial resolution [6] , [7] . In an OFDR system, the spatial resolution is relevant to the optical frequency sweeping span, and a broader span is helpful to obtain a higher spatial resolution. There are two conventional methods to realize the optical frequency sweeping. For example, by using the tunable laser diode, one can realize frequency sweeping with a broad span up to tens of nanometers. A spatial resolution of 22 m over a 35 m measurement range has been reported by using a swept laser with a wideband frequency sweeping of 40 nm [7] . However, long range measurement over several kilometers is difficult because of the broad spectral linewidth of the laser (e.g., several hundred kHz). Furthermore, the tuning of the laser diode is usually slow and the OFDR performance would be degraded by the very limited performance of sweeping linearity. On the other hand, one can use a narrow linewidth laser and an external modulator modulated by an RF frequency swept signal to overcome the degradation and realize long range measurement [8] . Recently, single sideband suppressed carrier (SSB-SC) modulation is used for the external modulation in the OFDR system [9] . However, the RF sweeping span and speed are limited due to the electronics bottleneck. Generally, the linear and continuous optical frequency sweeping span is limited at the scale of several GHz and the high frequency components are usually expensive. Meanwhile, the phase shift between I and Q branches of the SSB modulator is difficult to be precisely maintained at different modulation frequencies. Therefore, it is usually difficult to obtain uniform performance of SSB modulation when the RF signal is swept in a large frequency range and thus the SSB modulation performance fluctuates. Consequently, it is of great significance for practical application if one can obtain broadened optical frequency sweeping by using a narrow span RF sweeping modulation.
To enhance the frequency sweeping and achieve high spatial resolution OFDR, one can generate high order sideband with two LiNbO3 intensity modulators (LN-IM) aligned in series and a third-order sideband has been acquired for achieving a spatial resolution of 0.8 cm with a 6 GHz sweeping span of RF signal [10] . However, it is difficult to generate even higher order sideband for this method. In our previous work, optical signal processing methods like optical comb generation and four wave mixing have been utilized, with limited efficiency and a comparably complex system [11] , [12] .
In this work, we demonstrate a high spatial resolution OFDR system with broadened optical frequency sweeping by using an optical magnifier. The magnifier for the frequency sweeping span is realized by a recirculating frequency shifter (RFS). At the 12th order sideband, 12-times broadened optical frequency sweeping span can be achieved. We obtain a spatial resolution of 0.97 cm over 710-m measurement range in the proposed OFDR system with a modulation frequency sweeping span of 882 MHz. Our scheme is also fit for a long range measurement over 10 km. The proposed all-optical signal processing method is capable of breaking the limit of the electronic bottleneck for obtaining significantly enhanced optical frequency sweeping and thus it is of great potential for high spatial resolution OFDR.
Principle
In an OFDR system, the spatial resolution is given by Ál ¼ c=2nÁF , where c and n are respectively the light velocity in vacuum and the refractive index, and ÁF is the frequency sweeping span. A larger span of frequency sweeping leads to a higher spatial resolution. To obtain a broadened optical frequency sweeping span, we utilize RFS as the optical magnifier.
The principle of the proposed method for optical frequency sweeping broadening is schematically shown in Fig. 1 . The configuration is composed of a tunable laser (TL), a polarization controller (PC1) and a closed fiber loop which consists of a 10:90 optical coupler (OC), an I/Q modulator, a polarization controller (PC2), an EDFA which is used to compensate the modulation losses in the loop and a flat-top optical band pass filter (BPF), which is used to control the number of desired sidebands [13] - [17] .
The broadening of the frequency sweeping bandwidth is due to the circulating by the RFS. Consider the original carrier from the tunable laser as E 0 ðt Þ ¼ A expðj2f 0 tÞ, and the RF frequency as f m . The frequencies of the sidebands can be denoted as f 1 ; f 2 ; . . . ; f N . As shown in the schematic illustration in Fig. 1 , the frequency f 0 of the original carrier is going to be shifted by the modulation frequency of f m after SSB modulation. The generated 1st order sideband (red line in Fig. 1 ) has a frequency of f 1 ¼ f 0 þ f m , which can be ideally expressed as follows:
where G is the gain from the EDFA, L is the losses from the I/Q modulator, the BPF and the OC, and 1 ðt Þ is the phase noise for the first round recirculating due to mechanical disturbance of the fiber [16] , [17] . Therefore, with f m sweeping in a range of Áf , the first-order sideband will inherit the RF frequency sweeping bandwidth of Áf . Then, after the second round recirculating, f 1 is going to be shifted to the second-order sideband Fig. 1 ) and the frequency sweeping bandwidth is going to be magnified by a factor of 2 due to the two-times cascaded modulation. Therefore, after N rounds of recirculating, the Nth-order sideband can be expressed as follows:
where n ðt Þ is the phase noise for the nth round recirculating. Therefore, the phase noise would accumulate at the higher order sidebands. The Nth-order sideband has a frequency of f N ¼ f 0 þ Nf m . Therefore, the frequency sweeping bandwidth of the Nth-order sideband is going to be NÁf . Meanwhile, the sweeping time of one period remains the same which means the frequency sweeping speed is also going to be magnified by a factor of N at the Nth-order sideband.
Experimental Setup and Results
Fig . 2 shows the experimental setup of the proposed high spatial resolution OFDR system. The frequency sweeping span of the RF signal is magnified by the RFS which is marked by the red dashed area in Fig. 2 . The tunable laser (NKT, Adjustik E15) with a nominal linewidth of 1 kHz generates CW light at a wavelength of 1550 nm and the CW light is launched into the I/Q modulator through the 10% branch of the OC1. The I/Q modulator is driven with two equal-amplitude but =2 phase shifted RF sine clock signals through I and Q ports [18] . The power of the RF signals is about 14.5 dBm. After I/Q modulation, the CW light is shifted by a frequency as the same as the modulation frequency of the RF signal. The shifted sideband passes through BPF1 (Alnair BVF-200CL) after the amplification by EDFA for compensating the loop loss. The passband width of BPF1, which is used to control the number of desired sidebands, is about 3.5 nm. By redirecting the shifted sidebands back to the OC1 input (90% branch), recirculating with frequency shifting can be realized and thus frequency sweeping span broadening can be achieved. The BPF2 (Santec OTF-350) is used for filtering out the high order sideband. By tuning the center wavelength of BPF2, different orders of the sideband can be selected with a comparably large sideband suppression ratio. The principle of SSB modulation limits the adjacent sidebands to be spaced by the modulation frequency. Therefore, to precisely filter out the sideband we need, the sideband separation should be greater than 12.5 GHz (0.1 nm, minimal bandwidth of BPF2). Moreover, the largest bandwidth after the magnification is limited to the sideband separation. Otherwise, the spectra will overlap. Therefore, we expect a larger sideband separation. However, the maximal frequency of the RF synthesizer is limited to 20 GHz. Consequently, the sideband separation is chosen to be ∼17 GHz and the passband width of BPF2 is about 0.11 nm.
By using single tone RF signal for modulation, the output of RFS is an optical comb. As shown in Fig. 3(a) , an optical comb with more than 20 sidebands is obtained by an optical complex spectrum analyzer (0.16 pm resolution) with an RF frequency of 17.3 GHz. The extinction ratio of the sidebands is around 50 dB.
According to the theoretical analysis, when RF modulation frequency sweeps, the higher order sidebands of the optical comb will sweep with a broadened frequency span. So we apply the modulation signal at the sweeping situation (10-ms sweeping time) with frequency sweeping bandwidth of 600 MHz: from 17 GHz to 17.6 GHz. Fig. 3(b) represents the output spectrum of the RFS. Averaging is utilized to smooth the spectrum profile. It is observed that the bandwidth of the sideband is increasing linearly along with the increase of the sideband order number. As shown in Fig. 3(b) , due to the averaging principle of optical complex spectrum analyzer, the power of sideband decreases with the increase of the sideband order number.
The frequency swept high order sideband is then launched into the OFDR system. The fibers under test (FUTs) are 710 m and 10 km long. The far ends of the FUTs are an angled PC connector (APC). Over the 710 m measurement range, the spatial resolution for OFDR is experimentally investigated for the first-, second-, third-, fifth-, 10th-, and 12th-order sidebands. It should be mentioned that, as a comparison, the generation of the first-order sideband is based on the conventional method [9] . After the I/Q modulator, the generated 1st order sideband is fed into OFDR system directly without recirculating. The results are well agreed with the theoretical predictions, which indicates that the employment of higher order sidebands can improve the spatial resolution effectively. Fig. 5 shows the experimental results of the spatial resolution when the RF frequency sweeping span Áf varies approximately from 350 MHz to 1.2 GHz for the first-, second-, and thirdorder sidebands, and from 82 MHz to 882 MHz for the 5th,10th, and 12th order sidebands. At the 12th-order sideband, a spatial resolution of 0.97 cm is obtained with modulation frequency sweeping span of only 882 MHz. Such a spatial resolution corresponds to a frequency sweeping span of 10.31 GHz.
As mentioned above, the phase noise would accumulate at the higher order sidebands. However, the accumulated phase noise has little effect on the spatial resolution degradation. As shown in Figs. 4 and 5 , for different sidebands, there is only a minimal deviation between the theoretical and experimental results for spatial resolution. It is because that the sharpness of the beat spectrum could not be degraded significantly by the phase noise in such a short range measurement over 710 m [19] . Furthermore, we believe that the deviation is induced by the circumstance noise (e.g., the acoustic noise) and the limited sampling number that may be not large enough for getting a sample point exactly at the Fresnel reflection position.
The spatial resolution for OFDR is then experimentally investigated for the first-to eighth-order sidebands over a 10 km measurement range. For comparison, the first-order sideband is also generated by utilizing the conventional method. Fig. 6 represents the spatial resolution for different order sidebands with an RF frequency sweeping span of 427 MHz. The spatial resolution is improved effectively due to the employment of higher order sidebands, which indicates that our method is also fit for the long range measurement. The ASE noise from the EDFA and the phase noise from mechanical disturbance both intensify every round of recirculating, which would introduce about 1.2 dB degradation to the signal-to-noise ratio (SNR) of OFDR.
The spatial resolution for OFDR would be degraded when we carry out such a long range measurement over 10 km, since the phase noise of the light source degrades the sharpness of the beat spectrum [19] . We denote R mt as the ratio of the measured spatial resolution relative to the theoretical one. The R mt for each sideband, which can stand for the degraded degree, is provided in Fig. 6 . Due to the limited linewidth of our tunable laser (nominal 1 kHz), the spatial resolution for the 1st order sideband has a significant degradation. Besides, the RFS would introduce additional phase noise because of mechanical disturbance [16] . According to formula (2), the additional phase noise would intensify at the higher order sidebands. Therefore, as shown in Fig. 6 , the R mt increases along with the increase of the sideband order number. We also filter out the 9th order sideband and launch it into the OFDR system. However, with the additional phase noise accumulating the spatial resolution is no longer improved and even worse. We then connect a 1.1 m APC-APC patch cord to the both ends of the 710 m FUT and the 10 km FUT. The RF frequency sweeping span is 427 MHz. Fig. 7(a) represents the OFDR trace for the 12th order sideband over the 710 m range. Fig. 7(b) shows the reflection spectra for the 1st and 12th order sidebands at the end of the 710 m FUT. With the help of sweeping broadening at the higher order sideband, the two reflective points can be distinguished more effectively and precisely. It should be mentioned that the ideal 12th order sideband is generated after the light passing through the closed fiber loop 12 times. The total length of the loop is about 10 m. However, due to the limited extinction ratio of SSB modulator, the 12th order sideband could be partially contributed with recirculating more or less than 12 times. Because of the time delay, which is relevant to the loop length, these unwanted 12th order sidebands will beat with the ideal 12th order sideband. Consequently, as shown in Fig. 7(a) , significant noise is observed at the beginning of OFDR trace. In practical applications, adding a 100-m delay SMF as the dummy fiber before the FUT would solve the problem. If the loop length is longer than 10 m, the time delay will be lager and thus the beat frequency will be higher. Consequently, the noise will spread along the OFDR trace and we need a longer delay SMF to solve the problem. A shorter loop length is expected in the applications.
The OFDR trace for the eighth-order sideband over the 10 km measurement range is shown in Fig. 8(a) . Fig. 8(b) represents the reflection spectra for the 1st and 8th order sidebands at the end of the 10 km FUT. The two reflective points can also be distinguished more effectively and precisely by using the higher order sideband. For the same reason, there is also noise at the beginning of the OFDR trace in Fig. 8(a) .
Discussion
In the experiment, we find that the additional phase noise accumulating at the higher order sidebands, which results from mechanical disturbance, is the main obstacle to the proposed method. On the one hand, one can package the RFS system in a vibration insulated box, which can reduce the additional phase noise. Besides, one can utilize Phase-Noise-Compensated OFDR technique to avoid the spatial resolution degradation over a long measurement range [20] .
The largest bandwidth of the optical frequency sweeping is still limited by the RF signal. However, one can utilize high order SSB modulator to break the limitation. In our recent work, the 2nd order and 3rd order SSB modulators, which can be configured in RFS, have been proposed and investigated. Optical comb with significantly enlarged sideband-to-sideband spacing can be obtained [21] . On the other hand, one can also use optical filter with fast tuning speed to follow the optical frequency sweeping at the high order sidebands for avoiding the overlapping in time domain.
Conclusion
We demonstrated a novel method for broadening optical frequency sweeping span and thus realized high performance OFDR with improved spatial resolution. The realization of improvement is based on recirculating frequency shifter. At the 12th-order sideband, 12-times broadened optical frequency sweeping span has been achieved. We experimentally obtain a spatial resolution of 0.97 cm over a 710 m measurement range in the proposed OFDR system with a modulation frequency sweeping span of 882 MHz. Such a spatial resolution corresponds to a frequency sweeping span of 10.31 GHz. Our scheme is also fit for a long range measurement over 10 km. The proposed method is simple in implementation and the improvement of the spatial resolution is obvious, which is of great potential in future research.
